Ion-implantation layers are fabricated by multiple nitrogen ion-implantations (3 times for sample A and 4 times for sample B) into a p-type 4H-SiC epitaxial layer. The implantation depth profiles are calculated by using the Monte Carlo simulator TRIM. The fabrication process and the I-V and C-V characteristics of the lateral Ti/4H-SiC Schottky barrier diodes (SBDs) fabricated on these multiple box-like ion-implantation layers are presented in detail. Measurements of the reverse I-V characteristics demonstrate a low reverse current, which is good enough for many SiC-based devices such as SiC metal-semiconductor field-effect transistors (MESFETs), and SiC static induction transistors (SITs). The parameters of the diodes are extracted from the forward I-V and C-V characteristics. The values of ideality factor n of SBDs for samples A and B are 3.0 and 3.5 respectively, and the values of series resistance Rs are 11.9 and 1.0 kΩ respectively. The values of barrier height ϕ B of Ti/4H-SiC are 0.95 and 0.72 eV obtained by the I-V method and 1.14 and 0.93 eV obtained by the C-V method for samples A and B respectively. The activation rates for the implanted nitrogen ions of samples A and B are 2% and 4% respectively extracted from C-V testing results.
Introduction
Silicon carbide (SiC) [1] is a wide bandgap semiconductor material. Owing to its outstanding properties such as high breakdown field, great thermal conductivity and high saturation-electron drift velocity, it has been used to fabricate high-power, high-temperature, and high-speed devices. Ionimplantation is a key process for the fabrication of semiconductor devices. For SiC materials, ionimplantation of dopants has been recognized as a crucial means of selective area doping because the thermal diffusion rates of most dopants are very slow in SiC at temperatures lower than 1800-2000
• C. Ionimplanted MESFETs show low cost in production, [2] low noise, [3−5] high speed [6, 7] and planarity without mesa etching due to the creation of the active device region by the ion-implantation technique. An ionimplanted channel of MESFETs is more controllable to form thinner and more highly doped channel layers than those fabricated with conventional epitaxial growth, so it can improve the radio frequency (RF) characteristics of MESFETs. References [8] and [9] reported on the fabrication of a 2 µm gate length ionimplanted 4H-SiC MESFET with the source, the drain and the channel regions made by ion-implantation. Recently, a 0.5 µm gate 4H SiC MESFET on semiinsulating (SI) substrate was fabricated by using ionimplantation for the channel and contact regions and had the same electrical characteristics as the epitaxial SiC MESFET. [10] Schottky contacts are very important in semiconductor devices and integrated circuits. Hence many authors have investigated the properties of SiC Schottky barrier diodes (SBDs) such as Ni, Pt/4H, 6H-SiC, [11] Ti/4H-SiC, [12] Co/6H-SiC, [13] Pt/6H-SiC, [14] and their structures for high voltage power devices, [15, 16] etc. Ion-implantation is often used to make guard rings for SBDs, which have lower leakage current and higher breakdown voltage. [17] Generally speaking, all of the papers mentioned above focused on vertical SBDs (whose ohmic contacts are on the back side of the substrate), which have different structures from those of metal-semiconductor field-effect transistors (MESFETs). Lateral SBDs are the key parts of MESFETs and are also important for integrated circuits (ICs), so it is urgently needed to form a good characteristic lateral SBD. There have been few reports on lateral SBDs formed on n-type layers obtained by multiple nitrogen ion-implantations. In the present paper lateral Ti/silicon face 4H-SiC SBDs formed on the multiple box-like ion-implanted layers are investigated. The active regions of two samples A and B are obtained by implanting nitrogen ions 3 and 4 times respectively. I-V and C-V characteristics of the ion-implanted Ti/4H-SiC SBDs are given. The series resistances R s and the ideality factor n are extracted from the forward I-V characteristics. The values of barrier height ϕ B of the lateral SBDs are obtained from I-V and C-V curves separately. The activation rates of implanted ions are given finally.
Fabrication process
The substrate of 4H-SiC in this study is of a highly doped n-type structure with a donor density of 7.1×10
18 cm −3 and the epitaxial layer is 1.8 µm with an acceptable light dopant density of 6.
The structure of lateral SBDs investigated is shown in Fig. 1 , which is the same as that we obtained before. • C respectively for 30 minutes in pure argon atmosphere. The channel depth is mainly determined by the times of implantation and the activation rate is dependent on the annealing temperature. In order to gain more information from the SBDs fabricated, two samples are annealed at different temperatures.
Both the ohmic and the Schottky contacts on the surface are patterned through conventional photolithography and lift-off techniques. Ohmic contact windows on the LPCVD SiO 2 film are first formed, and Ni/Cr and Au are evaporated separately and alloyed at 900
• C for 30 min in a vacuum furnace to realize ohmic contacts. Finally, SBDs are realized by evaporating Ti/Pt/Au after the SiO 2 film has been patterned. The metal Ti is the first layer on silicon face 4H-SiC with metal Au as a pad outside. Nitrogen ions implanted in the N-well region designed for sample A are at energies and doses of 55 keV and 1.07×10 13 cm −2 , 100 keV and respectively. The location of peak concentration and the longitudinal straggling of nitrogen ions are calculated by using the Monte Carlo simulator TRIM. [19] The concentration of implanted nitrogen ions in the N-well is designed to be 1.5×10 18 cm −3 . The effective doping of the active layer depends on the activation rate of the nitrogen ions.
Results and discussion

I V characteristics
The I-V measurements are performed with an HP4156B semiconductor parameter analyser. 
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where A is the diode area, A * is Richardson's constant, ϕ B is the Schottky barrier height, n is the ideality factor, and other constants have their usual meanings. At a low forward voltage, the ideality factor can be given by
If the forward voltage is larger than the threshold voltage, expression (1) becomes
where
is the series resistance. The parameters of the 4H-SiC SBDs are A = 1.
[20] Using the thermionic emission model mentioned above, the values of ideality factor n of the 4H-SiC SBDs are 3.0 for sample A and 3.5 for sample B. The values of series resistance R s of the 4H-SiC SBDs are 11.9 and 1.0 kΩ for samples A and B respectively. Figure 3 shows the experimental measurements and the calculation lines by using this model. The measurements and the calculations from the thermionic emission model are found to be in good agreement with each other. From the y-intercept of the linear region of the I-V curves, values of the barrier height ϕ B of Ti/silicon face 4H-SiC of 0.95 eV and 0.72 eV for samples A and B can be obtained respectively, which are consistent with those on the epitaxial growth doping layer in Ref. [21] . The ideality factor n is larger due to the interface states of the SBDs. [22] Residual defects [23] and surface roughness [24, 25] are caused by ion-implantation and annealing. The surface of 4H-SiC in this work is not particularly smoothed to reduce the interface state density. An appropriate etching condition can produce an extremely smooth surface, [26] which will make the ideality factor n close to unity.
[27]
C V characteristics
From the one-dimensional Poisson equation, the concentration of donors N d (d) at the depth d from the surface of 4H-SiC can be expressed as [28] 
C is the capacitance of SBDs, ε s is the permittivity of 4H-SiC, and A is the area of 1. The design concentration of implanted nitrogen ions is 1.5×10 18 cm −3 , so the activation rates for samples A and B are 2% and 4% respectively. The barrier height of SBDs can be expressed as [21] ϕ
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is the band gap between the bottom of the conductive band and the Fermi energy, V bi is the built-in voltage of the SBDs and is the intercept on the x-axis in Fig. 4 , N c is the effective density of electrons of the conduction band, and N d is the donor concentration. 
Discussion
The lower values 2% and 4% of the activation rate suggest that a higher implantation temperature above 500
• C and a higher annealing temperature above 1650
• C [29, 30] are required to receive a significant activation rate. High temperature (600, [24] 700, [29] and 1000 • C [30] ) implantations are used to prevent amorphization. [31] In the same annealing time, the activation rate of the implanted nitrogen ions rises with increasing annealing temperature as indicated from the experiment in Ref. [32] . But the change becomes flat when the annealing temperature is higher than 1700
• C. A previous experiment [29] indicated that a 15 min implant activation at 1500
• C resulted in 15% nitrogen activation. In Ref. [30] the activation by annealing at 1300
• C was achieved to be 6.3%, and the activation by annealing at temperatures above 1500
• C for nitrogen was realized to be almost complete. As a contrast, an experiment carried out later in Ref. [33] indicated that a 15 min implantation activation at 1500
• C resulted in 3% of nitrogen activation. The heat treatment of post implantation is also for reducing defects caused by the implantation. [34] However, a high annealing temperature would cause a lot of large black spots. [23] In Ref. [35] the annealing conditions for implanted phosphorus ions were investigated and the precipitation of phosphorus and the evaporation of the implanted layer from a long annealing time, causing the sheet resistance to increase, were found, thus indicating that rapid thermal annealing at high temperatures for a short time was needed. So short time annealing techniques such as flash lamp annealing [36] and rapid isothermal annealing (RIA) [37] are needed because they can reach 2000
• C for about 20 ms and can obtain a high electrical activation rate and further defect removal compared with the traditional furnace annealing. Solid-state microwave [38] annealing is capable of providing a temperature rise rate of 600 • C/s and a fall rate of 400 • C/s, which avoids a high degree of sublimation caused by conventional furnace annealing. In order to reduce the surface roughness [25] and the loss of dopants under the high annealing temperature, a SiC coated graphite crucible [23] is used to contain the annealing sample and a dummy SiC wafer [39] is placed on the sample. In Ref. [29] an AlN encapsulant layer was used to prevent the SiC surface from being damaged during the high temperature annealing. Here we place a semi-insulating (SI) SiC wafer on the implanted SiC surface during annealing (the so called face-to-face technique). A graphite cap [38] used in rapid microwave annealing in a temperature range of 1750-1900
• C for 30 s has a low surface roughness of 2.4 nm. A comparison between AlN/BN and graphite annealing caps was made in Ref. [40] . Both of them show the ability to prevent the silicon diffusing out of SiC and they were able to be easily removed after annealing when their temperature was less than 1800 • C. AlN could not be completely etched away after 1800
• C annealing, so the surface would be rougher. The graphite cap could be easily removed by an oxygen plasma for most annealing temperatures, but the out-diffusion of silicon is most severe at 1800
• C, where it roughens the SiC surface and forms reaction products when the Si reacts with the graphite at a significant rate. Thus it can be seen the activation of ions depends on not only the annealing temperature but also conditions such as the implantation temperature, the rising and the falling time of temperature, the environmental 017203-4 conditions, etc. In the future work, high-temperature implantation, rapid thermal annealing and the surface protection technique will be used to achieve a perfect SiC implantation layer. [41] 
Conclusions
An active region fabricated by ion-implantation has great features, and it has the potential to realize planar high frequency MESFETs. Multiple nitrogen ion-implantations into 4H-SiC are investigated. Multiple ion-implantation into two samples A (with implanting ions 3 times) and B (with implanting ions 4 times) is carried out. The method of fabricating the lateral Ti/4H-SiC SBDs on the ion-implanted layers is described in detail. We examine the electrical properties of these diodes by I-V and C-V measurements. Ion-implanted Ti/4H-SiC SBDs show excellent behaviours of the reverse current-voltage characteristics. The values of ideality factors n are 3.0 and 3.5 for samples A and B from the thermionic emission model. The values of series resistance R s are 11.9 kΩ for sample A and 1.0 kΩ for sample B. The values of barrier height ϕ B of Ti/silicon face 4H-SiC SBDs are found to be 0.95 and 0.72 eV from the forward I-V characteristics and 1.14 and 0.93 eV from C-V characteristics for samples A and B respectively.
